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The  participation  of  a  multifunctional  enzyme (a sin- 
gle  polypeptide  with  multiple  catalytic  activities (14)) 
has been  demonstrated  in  the  conversion  of  agmatine 
to putrescine in Lathyrus sativus seedlings. This en- 
zyme  (putrescine  synthase)  with  inherent  activities of 
agmatine iminohydrolase, putrescine transcarbamyl- 
ase,  ornithine  transcarbamylase,  and  carbamate  kinase 
has been  purified  to  homogeneity  and has M, = 55,000. 
In the presence of inorganic phosphate, the enzyme 
catalyzed the stoichiometric conversion of agmatine 
and  ornithine to  putrescine  and  citrulline,  respectively. 
The different  activities  associated  with  the  enzyme co- 
purified  with  near  constancy  in  their  specific  activity. 
The  enzyme  catalyzed  phosphorolysis  and  arsenolysis 
of N-carbamyl putrescine. The multifunctionality of 
putrescine  synthase  was also supported  by 1) activity 
staining, 2) intact  transfer of the ~reido-’~C group from 
labeled N-carbamyl putrescine to ornithine to form 
citrulline, and 3) the affinity of the enzyme toward 
structurally  and  functionally  related  affinity  matrices. 
An agmatine cycle is proposed wherein N-carbamyl 
putrescine  arising  from  the  agmatine  iminohydrolase 
reaction is converted  to  putrescine  and  citrulline,  with 
the  ureido  group  ofN-carbamyl  putrescine  being  trans- 
ferred  intact to ornithine.  Preliminary results indicate 
that this series of reactions is also present in other 
plants. 
Biosynthesis of putrescine, the obligatory precursor of sper- 
midine and spermine involves different steps in different bio- 
logical systems. In contrast  to microorganisms and animals, in 
higher plants the principal source of putrescine is arginine (1, 
2), although detection of ornithine decarboxylase has been 
reported in some plants (3-6). Earlier, Smith (7-9) and  Smith 
and Garraway (10) proposed that in higher plants agmatine is 
converted to putrescine in two discrete steps, with N-carbamyl 
putrescine as  the intermediate. It has been suggested that N- 
carbamyl putrescine is probably an enzyme-bound interme- 
diate  and is rapidly degraded to putrescine (2, 11). 
Earlier, arginine decarboxylase from Lathyrus  sativus was 
purified to homogeneity (12). During the purification of ag- 
matine iminohydrolase, we found that, only  when the assay 
mixture contained inorganic phosphate, significant amounts 
of putrescine (besides N-carbamyl putrescine) were  produced. 
On the basis of the obligatory involvement of inorganic phos- 
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phate in the N-carbamyl putrescine + putrescine conversion, 
it was surmised that  the N-carbamyl-putrescine amidohydro- 
lase (producing putrescine, COZ, and NH3) might in fact 
represent phosphorolytic cleavage of this intermediate by a 
putrescine transcarbamylase-mediated reaction (functioning 
in the reverse direction) on lines suggested in Streptococcus 
faecalis growing on agmatine as  the sole carbon source (13). 
Further experiments have revealed that  the purified  enzyme 
is in fact a versatile multifunctional enzyme (for reviews on 
this class of enzyme, see Refs. 14-17) with agmatine imino- 
hydrolase, putrescine transcarbamylase, ornithine transcar- 
bamylase, and carbamate kinase activities associated with a 
single polypeptide chain and that  the metabolic conversion of 
agmatine to putrescine is apparently linked to citrulline pro- 
duction in L. satiuus. 
EXPERIMENTAL PROCEDURES’ 
RESULTS 
In terms of subcellular distribution (both  total and specific 
activity), most of putrescine synthase’ was associated with the 
cytosolic fraction and hence, the postmitochondrial superna- 
tant was routinely used for enzyme purification (for details, 
see Miniprint). The different reactions catalyzed by the en- 
zyme are representzd in Table I. 
Co-purification of the Different Activities  Associated with 
Putrescine Synthase 
The purification of putrescine synthase was monitored by 
assaying the different component activities, as well as the 
Portions of this paper (including “Experimental Procedures,” part 
of ‘‘Results,” Tables 11, VII, and VIII, and Figs. 1, 3, and 10) are 
presented in miniprint a t  the end of this paper. Figs. 4 and 6 and 
Tables IV and X appear  in the text in miniprint as prepared by the 
author. Miniprint is easily read with the aid of a  standard magnifying 
glass. Full size photocopies are available from the  Journal of Biolog- 
ical Chemistry, 9650 Rockville Pike, Bethesda, MD 20814. Request 
Document No. 80M-2469, cite authors,  and include a check or money 
order for $6.40 per set of photocopies. Full size photocopies are also 
included in the microfh  edition of the  Journal  that is available from 
Waverly Press. 
*The abbreviations and trivial names used are: putrescine syn- 
thase, the multifunctional enzyme with associated activities of ag- 
matine iminohydrolase (agmatine deiminase, EC 3.5.3.12), putrescine 
transcarbamylase (carbamoyl phosphate: putrescine carbamoyltrans- 
ferase, EC 2.1.3.6), ornithine transcarbamylase (carbamoyl phosphate: 
Ornithine carbamoyltransferase, EC 2.1.3.31, and carbamate kinase 
(ATP-carbamate phosphotransferase, EC 2.7.2.2). The terms multi- 
functional, polycephalic, and chimeric enzyme used in the text rep- 
resent a single polypeptide with several catalytic activities (14). CH- 
Sepharose, carboxyhexyl Sepharose; NBT, nitrobluetetrazolium chlo- 
ride; PMS, phenazine methosulfate; BSA, bovine serum albumin; 
SDS, sodium dodecyl sulfate; CNBr, cyanogen bromide. 
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overall reactions, leading to citrulline production with agma- 
tine  or N-carbamyl putrescine as substrates. It is clear from 
Table I11 that the activities associated with the chimeric 
enzyme co-purify through the four steps, with the specific 
activity ratios remaining more or less constant  throughout he 
purification steps. However, the enzyme exhibited considera- 
ble difference in terms of ornithine transcarbamylase activity 
in the crude extracts vis-&vis the final preparation. This may 
conceivably be due to more than one ornithine transcar- 
bamylase activity in the plant cell-free extracts (45, 46) and 
the association of only one of them with putrescine synthase. 
Additional activities associated with the purified  enzyme are 
1) that related to the synthesis of N-carbamyl putrescine 
owing to  the inherent putrescine transcarbamylase activity, 
which had a specific activity of 33 units, 2) carbamate kinase 
activity, assayed in the direction of ATP synthesis, with a 
specific activity of 2.5 units. Generation of ATP from agmatine 
+ ADP + Pi and N-carbamyl putrescine + ADP + Pi combi- 
nations (i.e. the overall reactions linked to  carbamate kinase) 
could also be demonstrated. However, these component activ- 
ities of putrescine synthase were not quantitated during the 
purification. 
TABLE I 
Constituent activities of putrescine synthase 
Reactions 
Agmatine + Hz0 + N-carbamyl putrescine + NH3 
N-Carbamyl putrescine + Pi + putrescine + carbamyl phosphate 
Carbamyl phosphate + ornithine + citrulline + Pi 
Overall reaction 
Agmatine + ornithine + Hz0 + Pi -+ putrescine + citrulline + 
NH3 + Pi 
Additional reaction 
Carbamyl phosphate + ADP + Hz0 + ATP + COZ + NH3 
Enzymes 
agmatine iminohydrolase 
putrescine transcarbamylase 
ornithine transcarbamylase 
putrescine synthase 
carbamate kinase 
Physicochemical Properties 
Purity of the  Isolated Enzyme-The final preparation ob- 
tained by both purification procedures, i.e. the organomercu- 
rial-Sepharose step followed  by fractionation on DEAE-Seph- 
adex (procedure I) and the putrescine-CH-Sepharose affinity 
step (procedure 11), showed a single sharp band  on  polyacryl- 
amide gel electrophoresis at pH 8.3 (Fig. 2, a and b) and at 
pH 4.0 (Fig. 2c). The fast moving  band in basic gel systems 
was coincident with the different enzyme activities associated 
with the protein as evidenced by activity scanning after gel 
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FIG. 2. Polyacrylamide gel electrophoresis of putrescine 
synthase under nondenaturing conditions. The staining pattern 
of the purified enzyme at  pH 8.3 by procedure I (a);  procedure I1 (b) ;  
protein from procedure I1 at  pH 4.0 (c); and protein from procedure 
I1 (d) (purified in the presence of 1 m~ phenylmethylsulfonyl fluoride) 
a t  pH 8.3. Protein used in a and 6, 50 pg and in c and d, 100 pg. 0, 
origin. 
TABLE 111 
Co-purification of the different catalytic  activities  ofputrescine synthase and comparison of their specific activities 
The putrescine-CH-Sepharose affinity step (procedure 11) was employed for purification. Enzyme activity has been expressed in total 
enzyme units and  the numbers within parentheses refer to  the specific activity (pmol of product/mg of protein/h). The specific activity of 
carbamate kinase in the final preparation was 2.5 pmol of ATP formed/ mg of protein/h. 
Total enzyme units 
Purification step 
Putrescine 
Protein Agmatine transcarba- Ornithine  Agmatine + N-Carbamyl 
ornithine * tion"  erya hinohy&o- my1ase (N- carbamyl  pu- triyc- -t putrescine + Purifica- Recov- 
lase trescine ar- citrulline 
senolysis) 
w .fold '% 
Crude extract 4680 28 (0.01) 449 (0.10) 1220 (0.26) 267 (0.06) 330 (0.07) 1 100 
MnCh treatment 3450 27.6 (0.01) 414 (0.12) loo0 (0.29) 214 (0.06) 270 (0.08) 1.3  91 
Ammonium sulfate fractionation 1050 21 (0.02) 409 (0.39) 950 (0.9) 180 (0.17) 231 (0.22) 3.6  75 
Putrescine-CH-Sephase affinity step 5 7 (1.40)  110  (21)  140 (28) 59.5 (11.9) 70 (14.0) 230  25 
(1:1644:911)b 
(1:1536:8:9.6) 
(1:195458.511) 
(1:15208.5:10) 
Calculated for agmatine iminohydrolase. 
Represents the ratio of relative specific activities with respect to agmatine imiinohydrolase. 
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electrophoresis (Fig. 4). No additional component could be 
detected even when 100 pg of enzyme were applied to  the 
acrylamide gels and run under both acidic and basic  condi- 
tions. Furthermore, the antiserum raised against the purified 
enzyme  gave  a  single precipitin line on immunodiffusion anal- 
ysis with the homogeneous preparation (not shown). 
Electrophoresis on Denaturing Gels-Polyacrylamide gel 
electrophoresis of the enzyme in the presence of 0.1% SDS, 
5% mercaptoethanol(40) reproducibly showed  a  single protein 
species (Fig. 5a) with an estimated M, of 55,000 (Fig. 6). 
a 
, w  
Denaturation of the protein under more severe conditions, 
namely employing 8 M guanidine hydrochloride followed  by 
treatment with urea, SDS, and mercaptoethanol prior to 
electrophoresis (41), also revealed the presence of a single 
protein band on  SDS gels  (Fig. 56). These results are consist- 
\ a-Chymotrypsinogen A 
Putrescine synthase 
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FIG. 5. sodium dodecyl  sulfate-disc  gel  electrophoretic  pat- 
tern of putrescine  synthase. a, purified enzyme (30 pg) electropho- 
resed for 2 h and b, the enzyme protein (100 pg) subjected to guanidine 
hydrochloride, sodium dodecyl sulfate, and urea treatment and elec- 
trophoresed for 4 h. The protein treated with 8 M guanidine hydro- 
chloride and 2-mercaptoethanol was alkylated with iodoacetate (41). 
The sample was then dialyzed against 8 M urea, 0.1% sodium dodecyl 
sulfate in Tris-HC1 buffer (pH 8.0) and subjected to gel electropho- 
resis. 0, origin. 
FIG. 7. Activity staining to demonstrate ATP synthesis in 
the carbamate kinase-linked overall reaction catalyzed by 
putrescine synthase. a, agmatine + ADP + Pi; b, N-carbamyl 
putrescine + ADP + Pi; c, purified putrescine synthase stained with 
Coomassie brilliant blue. Polyacrylamide gel electrophoresis of pu- 
trescine synthase was carried out in the cold (4 "C) at  pH 8.3. 
Following the equilibration of the gels in 50 m~ imidazole-CI (pH 7.5) 
buffer, they were transferred to a solution (2.5 ml) containing 1 I M ~  
dithiothreitol, 5 m~ agmatine, or N-carbamyl putrescine, 3 m~ ADP, 
5 m~ Na2HP04, 20 m~ glucose, 5 m~ MgSO4, 0.5 m~ NADP', 0.5 
m~ KCl, 150 units of hexokinase, 100 units of glucose-&phosphate 
dehydrogenase, 0.5 mg of phenazine methosulfate, 1.5 mg of nitro- 
bluetetrazolium chloride and were dissolved in 50 m~ imidazole-Cl 
buffer and incubated at  37 "C for 1 h along with corresponding blank 
gels (ie. minus substrate). The gels  were stored in 7% acetic acid after 
development of the fonnazan band. 0, origin. 
ent with the view that  the four different enzyme activities 
assayed reside in a single polypeptide, thereby  substantiating 
the multifunctional nature of putrescine synthase. 
Activity Staining-ATP formation in  situ was detected by 
coupling with hexokinase + glucose-6-phosphate dehydroge- 
nase + NADP and the NADPH  thus generated was in  turn 
reacted with neotetrazolium chloride and phenazine metho- 
sulfate to give rise to formazan. A blue formazan band corre- 
sponding to the protein stain was observed on gels when 
incubated with either agmatine + ADP + Pi or N-carbamyl 
putrescine + ADP + Pi (Fig. 7, a, b, and c). This finding 
further strengthens the polycephalic property of putrescine 
synthase, since it demonstrates that agmatine iminohydrolase, 
putrescine transcarbamylase, and  carbamate kinase activities 
(Table I) (generating ATP as one of the products) reside in a 
single protein species. The formazan band was not  detected in 
the incubation mixtures from which the substrates were omit- 
ted  (not shown). 
Molecular Weight-The purified enzyme migrated with an 
apparent M, E 56,000 on Sephadex G-200 (data  not shown). 
The M, determined by  gel filtration is in close agreement with 
that from SDS-gel electrophoretic analysis (Fig. 6). Further- 
more, it is significant that all of the component activities of 
putrescine synthase were recovered as a single protein peak 
when eluted from the molecular sieve (Fig. 8), thus providing 
additional evidence for the chimeric nature of the enzyme. 
Stoichiometry of the  Reactions 
Among the various partial reactions catalyzed by putrescine 
synthase, the following were shown to occur stoichiometri- 
1) Agmatine Iminohydrolase Reaction-The new assay 
developed for agmatine iminohydrolase earlier by us (20) 
facilitated the quantification of N-carbamyl putrescine as  the 
reaction product. Parallel estimation of ammonia was also 
carried out for comparison. As the purification progressed, the 
relative amount of  NH3 produced decreased proportionately, 
finally reaching approximately 1:l stoichiometry of both the 
products. 
2) Overall  Reaction I (Agmatine + Ornithine + H 2 0  + P, 
"* Citrulline + Putrescine + NHa + Pi)-The stoichiometric 
conversion of metabolites in the above overall reaction could 
cally. 
0.3 A 
- 
B 0. 
f 02t 
a 
+ 
1 
be easily demonstrated (Table IV). Paper chromatographic 
analysis of the amine fraction isolated from the above reaction 
mixture revealed the presence of residual agmatine and  the 
other product, putrescine. Omission of inorganic phosphate 
led to accumulation of significant amounts of N-carbamyl 
putrescine as revealed by chromatographic analysis. 
3) Overall  Reaction 11 (Agmatine + ADP + P, + Hz0 .--, 
Putrescine + ATP + 2NH3 + CO2)-1n the carbamate kinase- 
linked reaction, ATP synthesis was stoichiometrically coupled 
to  the amount of agmatine degraded. Fig. 9 shows the forma- 
tion of ATP  in  the reaction mixture containing agmatine (or 
N-carbamyl putrescine) + ADP + Pi. Since the commercial 
ADP sample (Sigma) was contaminated with ATP  to a small 
extent, a small increase in absorbance at 340 nm was  observed 
with ADP alone. The ATP accumulated in the incubation 
mixture resulted in a steep increase in AMO nm in the coupled 
assay used to measure ATP (Fig, 9). These observations were 
confirmed with the more sensitive luciferase procedure (27). 
Evidence for  the Intact  Transfer of the  Carbamyl Group 
from N-Carbamyl  Putrescine to Ornithine and 
Requirements for  the  Overall Reaction 
Availability of synthetic [~reido-'~C]N-carbamyl putrescine 
permitted demonstration of the transfer of the carbamyl group 
of carbamyl phosphate  to  ornithine  to form citrulline during 
the overall enzyme reaction (Table V). No liberation of  14C02 
could  be detected when the above reaction was performed in 
a closed Warburg flask. Furthermore, both Mg" and Pi are 
required for this reaction. The requirement for these compo- 
nents in the enzymatic production of citrulline was  also evi- 
Stoichiometry of  the overall  reac t ion  
TABLE IV 
The a s s a y  was performed in a reaction mixture containing agrrutine,  Na2HP04. 
orn i th ine ,  MgSQ and pur i f i ed  enzyme a t  pH 8.8 ( s e e  Experirrpntal  Procedures) 
under  standard  Conditions.  Agmatine was quant i ta ted  by Sakaguchi  reaction 
158). Putrescine was estimated after paper chromatography and ninhydrin 
spray (30). Ammonia and c i t r u l l i n e  were estimated by Ness ler i za t ion  (18) 
and the  colorimetric  procedure of Prescot t  and Jones (28) r e s p e c t i v e l y .  
C i t r u l l i n e  as one of the  reaction  products was c o n c l u s i v e l y  i d e n t i f i e d  by 
paper  chromatography a s  well a s  by i t s  exclusion behaviour  during chromato- 
graphy on Amterlite CG-50 (NH4+) column ( 3 2 ) .  
Froc t ion number 
FIG. 8 (left). Gel filtration of homogeneous putrescine syn- 
thase on Sephadex G-200, Gel  Titration of the purified  enzyme  was 
carried out on  a Sephadex G-200 column (1.8 X 89 cm), using 50 mM 
Tris-CI  buffer (pH 8.0) containing 0.1 M KC1. Fractions of 3 ml were 
collected and the constituent activities associated with putrescine 
synthase were assayed as described under "Experimental Proce- 
dures." AIHase, agmatine  iminohydrolase; PTCase, putrescine  trans- 
carbamylase; CKase, carbamate kinase. 
FIG. 9 (rzght). Generation of ATP in  the  carbamate kinase- 
Agmatine "t i l lred   Products  (pmols) i n  the reac t ion  mlxture 
( w o l s )  "____"""""""""" 
Putresc ine  NH3 re l eased  Citrulline 
Experiment I (0.20) 0.16 0.18 0.21 
Experiment 11 (0 .25)  0.21 0.23 0.24 
0'4[ .3
~E 
(ADP-NCP-PI )  
( A D P . a g m a t i m . P ~ )  
$ 0.2 
0.1 (ADP a l m e )  
5  10  15 20 
l i m e  (mln) 
linked overall reaction catalyzed by putrescine synthase. The 
assays were carried out under standard conditions ("Experimental 
Procedures")  using the purified  enzyme,  with  agmatine or N-carbamyl 
putrescine (NCP) as substrates. The reaction was terminated with 
0.1 ml of 10% perchloric  acid  followed  by  neutralization of the solution 
with 3 N KOH. ATP  in  an  aliquot of the supernatant  was  quantitated 
using the hexokinase-glucose-6-phosphate dehydrogenase  coupled as- 
say  procedure (26). 
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TABLE V 
Requirements for the overall  reaction and the  demonstration of 
transcarbamylation from  N-carbamyl putrescine to ornithine 
catalyzed by putrescine  synthase 
The complete reaction  mixture (1.0 m l )  containing Tris-C1 (pH 8.8) 
50 pmols, [~reido-'~C]N-carbamyl putrescine, 1 pmol (50,000 cpm), 
ornithine, 5 pmol, Na2HP04, 1 pmol, MgClz, 5 p o l ,  BSA, 100 pg,  and 
pure enzyme  with  appropriate  blanks  was  incubated at 37  "C for 1 h. 
Citrulline  was  separated from labeled  N-carbamyl  putrescine  in the 
reaction  mixture  by elution from NKOH from a Dowex 50-H'  column 
as described  under  "Experimental  Procedures." The amino acid  frac- 
tion  was  evaporated in vacuo and the residue  was counted for 
radioactivity. The identity of the labeled citrulline formed in this 
experiment  was  confirmed by  paper chromatography. 
Component omitted Citrulline 
None 
MgCL 
NaZHPO, 
Enzyme 
cPm 
7800 
500 
250 
50 
dent when the colorimetric assay procedure was  used. These 
results indicate that phosphorolytic cleavage of N-carbamyl 
putrescine in the first step is followed by the transfer of 
carbamyl phosphate generated in situ  to ornithine and are 
consistent with the  data regarding the stoichiometry of the 
ornithine transcarbamylase-linked overall reaction. 
Demonstration of Phosphorolysis and Arsenolysis of 
N-Carbamyl  Putrescine by the  Putrescine 
Transcarbamylase Component of Putrescine  Synthase 
Since the presumed role of the putrescine transcarbamylase 
component in this multifunctional enzyme is to catalyze the 
phosphorolysis of N-carbamyl putrescine, it was of interest  to 
examine whether the enzyme can function in the reverse 
direction. For this purpose, the enzymic conversion of the 
~reido-'~C-labeled intermediate to putrescine and carbamyl 
phosphate was investigated (13). It is clear (Table VI) that 
negligible phosphorolysis was observed in the absence of Pi. 
Replacing Pi with arsenate resulted in the enhanced release of 
14C02 showing that arsenolysis has occurred. The observed 
inhibition of arsenolysis by Pi is apparently competitive (Table 
VI) and agrees well with earlier observations regarding arsen- 
olysis of citrulline (24, 47). The liberation of 14C02 in the 
presence of ADP, Pi, [~reido-'~C]N-carbamyl putrescine and 
the enzyme is indicative of the operation of the overall reac- 
tion linked to  carbamate kinase. 
Stability of the Enzyme 
The purified enzyme  was  highly unstable even in the pres- 
ence of glycerol, dithiothreitol, and Mg2+; it lost all the com- 
ponent activities within 48 h  after purification when stored at  
4 "C. Prolonged dialysis and freeze-thawing also led to a 
considerable loss of activity. The carbamate kinase activity 
was the most labile, since dialysis of even the crude extracts 
for more than 10 h rendered this activity unstable. However, 
with the purified preparations, (NH&S04 at 1 M concentra- 
tion preferentially stabilized the carbamate kinase activity. 
This observation is in agreement with that recorded with the 
purified carbamate kinase from S. faecalis in which case the 
sod2- ion was shown to be responsible for the stabilization 
(50). It was consistently found that all of the component 
activities associated with putrescine synthase were stabilized 
in dilute solutions ( t50  pg  of protein/ml) for about 3-4 h at 
37 "C by  bovine serum albumin at a 250 pg/ml concentration. 
TABLE VI 
Phosphorolysis and arsenolysis of N-carbamyl putrescine by 
putrescine  synthase 
The reaction mixture (1.0 ml)  contained imidazole-Cl buffer (pH 
7.5) 100 pmol, [~reido-'~CJN-carbamyl putrescine (50,000 cpm) 2 
pmol, BSA, 250 pg,  and  purified enzyme, 25 pg. The assay  was  carried 
out in Warburg flasks and the 14C02 liberated after an incubation 
Deriod  of 1 h at 37 "C was  determined. 
Additions 
pmol 
None 
Na2HP04 (IO) 
ADP (1) + NazHP04 (5) 
Sodium  arsenate (50)  
Sodium arsenate (50) + NazHP04 (5) 
Sodium  arsenate (50) + NaZHP04 (10) 
Sodium  arsenate (50) + boiled  enzvme 
"C02 re- 
leased 
cpm 
120 
950 
2050 
7560 
5050 
3050 
70 
~ 
Interaction of Putrescine  Synthase with Different Affinity 
Matrices: Additional Evidence for  its Polycephalic Nature 
Further evidence for the multifunctionality of putrescine 
synthase was obtained by affinity chromatography. During 
the preliminary studies on putrescine biosynthesis in L. sati- 
uus, the specific affinity of agmatine iminohydrolase toward 
homoarginine- and citrulline-Sepharose was repeatedly ob- 
served. Furthermore, in view  of the presence of a nucleotide 
(ADP) binding site ascribable to the inherent carbamate 
kinase activity, the affinity of this chimeric enzyme to blue 
Sepharose was expected. These observations were  exploited 
and the (NH4)2S04 fraction (step 3) was adsorbed onto ho- 
moarginine-, citrulline-, organomercurial-, and blue Sepharose 
affinity columns (10 X 1 cm),  This was  followed by extensive 
washing with 50 mM imidazole-C1 buffer (pH 8) to remove 
unadsorbed proteins. The proteins held with high affinity 
were eluted with their respective ligands in imidazole  buffer 
(ie. 4 mM homoarginine or citrulline in cases of the fist two 
afflnity columns, 5 m~ ATP in the case of blue Sepharose and 
20 m~ 2-mercaptoethanol in the case of organomercurial 
affinity matrix). The eluates were dialyzed against 20 m~ 
imidazole  buffer thoroughly to remove the respective soluble 
ligands. This ligand-specific elution resulted in the recovery 
of all the component activities inherent in putrescine synthase, 
with an identical elution profile. The specific interaction of 
this chimeric protein toward the affinity adsorbents possessing 
structurally related ligands (homoarginine and citrulline) is 
consistent with an association of the different enzyme activi- 
ties with a single protein. Binding of the enzyme to homoar- 
ginine-Sepharose could  be  possibly related to  the  structural 
analogy between homoarginine and agmatine, particularly 
with regard to guanido function and hydrocarbon backbone. 
The ureido group of N-carbamyl putrescine, a  transient  inter- 
mediate in the overall reaction, and ornithine transcarbamyl- 
ase activity inherent in the protein are probably responsible 
for the affinity of putrescine synthase  to citrulline-Sepharose. 
It is significant to note that the dialyzed eluates from all 
affinity matrices exhibited ratios of specific activity of the 
different component activities, similar to  that corresponding 
to the purified enzyme, while still reflecting the different 
degrees of enzyme purity achieved by these affinity procedures 
(Table  IX). 
Polyacrylamide gel electrophoresis of the above four eluates 
revealed the presence among others of a fast moving protein 
band corresponding in position on gels to  the purified putres- 
cine synthase  (not shown). Evidence for the presence of pu- 
trescine synthase in the eluates from the  four affinity matrices 
was also obtained immunologically. The antiserum raised 
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TABLE IX 
specific activities of the component reactions of putrescine synthase in the eluates from different  affinity Sepharoses 
The enzyme  activities  were  assayed under the  standard  conditions  described under “Experimental  Procedures,”  using  the  dialyzed  enzyme 
eluates from different  affinity  Sepharoses.  The  values  represent  the  specific  activities of constituent  activities of putrescine  synthase. 
Specific activity 
Affinity Sepharose 
Putrescine Putrescine 
Agmatine im- transcarhamyl-  Ornithine transcarba-  N-Carbamyl 
ase (N-carba- transcarba- 
mylase ( N -  Amatine + putrescine + carbamyl pu- ornithine + 
inohydrolase my1 putrescine mylase 
ornithine - 
trescine syn- 
thesis) 
citrulline 
arsenoiysis) 
~~~ ~~~, 
pmolproduct formed/mgprotein/h 
Citrulline-Sepharose 1.20 19 23.5 39 9.6 11.4 
Homoarginine-Sepharose 0.80 11.2 15.2 24 6.4 7.3 
Blue  Sepharose 0.42 5.46 7.8 12.6 3.4 3.8 
Organomercurial  Sepharose 0.54 8.0 10.8 17.3 4.7 5.4 
Putrescine-CH-Sepharose  (pure  enzyme)* 1.40 21 28 47 11.9 14 
(1:1619:32.5:89.5)‘ 
(1:1419308:9) 
(1:13:18.5:30:8:9) 
(1:14:20:32:9.910) 
(1:1520:33:8.510) 
Represents the speciflc  activity  ratio of various  activities  relative  to  agmatine  iminohydrolase. 
* Procedure I1 (Table 111). 
Citrul l ine  oroduct ion couoled With putresc ine  Synthes is  in  the  crude  
e x t r a c t s  of some hiaher  p lants  
The crude  ex trac t s  ( s t ep  I) from t h e  e t i o l a t e d  s e e d l i n g s  o f  v a r i o u s  p l a n t s  
were dia lyzed  aga ins t  5 M  imidazole buffer and used as enzyme source for 
assaying the overall reac t lo”  l inked  to  oml th lne  t ranscarhamylase  (-%e* 
Experimental Procedures). C i t r u l l i n e  was quant i ta ted  as one Of the  
This ureido amino a c i d  was also characterized by i t s  exclusion behaviour on 
reaction products ,  a f t e r  ion-exchange  chromatography on Dawex-50(H+) column. 
Amberlite CG50 (N*+) column (321 and i d e n t i f i e d  conclusively by paper 
chromatography.  Omission Of either  agmatine 01 N-carbamyl putresc ine  and 
use of boiled enzyme i n  t h e  above assays did  not  lead  to measurable c l t r u l -  
l ine   format ion.  
TABLE X 
Plant  nmols c i t r u l l i n e  formedlmg prote in lh  
with 
Agmatine N-carMmyl putresc ine  
“ Pisum sativum  (pea) 25 38 
10 15 
45 
17 25 
Cucumis sa t ivus  (cucumber) 
- Zea (maire) 30 
LathYrUs -( g r a s s  p e a )  ”
against putrescine synthase cross-reacted with the protein 
fractions eluted from the different affinity matrices, exhibiting 
a single precipitin line in each case (not shown). 
Evidence for the Association of Putrescine Biogenesis with 
Citrulline Production in Other Higher Plants 
The data described above show that the conversion of 
agmatine to putrescine in L. satiuus is interlinked with the 
production of citrulline and is mediated by a multifunctional 
enzyme. The question then arose whether this series of reac- 
tions also occurs in other  plants.  For  this purpose, the overall 
enzymatic reaction catalyzing the agmatine + putrescine 
conversion, namely agmatine (or N-carbamyl putrescine) + 
ornithine + P, + citrulline + putrescine was assayed in the 
dialyzed crude extracts of seedlings of different plants. The 
results obtained clearly indicate the occurrence of similar 
reactions in other  plants examined (Table X). 
DISCUSSION 
The most significant feature of the present study is the 
evidence for a novel multifunctional enzyme  involved in ag- 
matine to putrescine conversion in L. sativus and  its func- 
tional significance. Two highly reproducible purification pro- 
cedures, one involving an organomercurial affinity step fol- 
lowed by DEAE-Sephadex chromatography and the other 
employing affinity chromatography on putrescine-CH Seph- 
arose, were used to purify the enzyme to a homogeneous state. 
In contrast  to a two-step hydrolytic scheme proposed earlier 
for the conversion of agmatine to putrescine, involving ag- 
matine iminohydrolase and N-carbamyl putrescine-amidohy- 
drolase in plants (9, lo), the present study demonstrates that 
putrescine transcarbamylase rather  than N-carbamyl putres- 
cine-aminodohydrolase catalyzes putrescine production. The 
most likely explanation for this discrepancy is that a crude 
extract prepared in  phosphate buffer was incubated for long 
periods in the earlier studies (9); consequently, putrescine 
transcarbamylase acting in the reverse direction might have 
degraded N-carbamyl putrescine into putrescine and car- 
bamyl phosphate, the latter undergoing further hydrolysis 
to CO, and NH3 (52). The detection of putrescine transcar- 
bamylase activity in the pea (49) and the phosphorolytic 
cleavage of N-carbamyl putrescine in S. faecalis (13) are 
consistent with our findings. 
Several lines of evidence prove the multifunctionality of 
putrescine synthase from the plant system: ( a )  the purified 
enzyme exhibits a single protein band on SDS-polyacrylamide 
gel electrophoresis, with M, = 55,000; (b) eo-purification of the 
different constituent activities with near constancy of specific 
activity ratios; (c) the stoichiometric conversion of the metab- 
olites in the overall reactions catalyzed by the enzyme; ( d )  all 
the constituent activities band in a single  region corresponding 
to  the protein stain on polyacrylamide gel electrophoresis and 
co-elute as a single protein peak from Sephadex G-200; (e)  
activity staining (Fig. 7) for ATP synthesis is a result of 
interaction between the constituent activities; ( f )  the  intact 
transfer of the ureido group from N-carbamyl putrescine to 
ornithine as a result of interaction between the two transcar- 
bamylase components of the enzyme (Table V); ( g )  the affin- 
ity toward different functionally and  structurally related affin- 
ity matrices and recovery of all of the activities during elution 
(with similar ratios of specific activities as found with the pure 
enzyme + immunological and electrophoretic evidence  for the 
enzyme protein in these eluates. 
One of the basic features of the reaction catalyzed by 
putrescine synthase is the intact transfer of the carbamyl 
moiety of N-carbamyl putrescine to ornithine, due to coupled 
activities of the two transcarbamylase components of the 
enzyme. In  the absence of ornithine, the putrescine transcar- 
bamylase component acting in the reverse direction can con- 
ceivably catalyze the phosphorolytic cleavage of N-carbamyl 
putrescine to putrescine and carbamyl phosphate, provided 
carbamyl phosphate is depleted from the catalytic site  to drive 
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the reaction in favor of putrescine synthesis. That  the higher 
plant efficiently uses Ornithine transcarbamylase activity for 
this purpose to channel carbamyl phosphate generated in situ 
to citrulline production is clearly evident from the  data pre- 
sented. Of relevance in this context is that, in s. faecalis, 
ornithine transcarbamylase activity is intrinsic to  the purified 
putrescine transcarbamylase (48). Thus,  it would appear that 
an “agmatine cycle” (Fig. 11) functions in the higher plants; 
one of the essential tenets of this cycle is the  intact transfer of 
the carbamyl group from N-carbamyl putrescine to ornithine, 
thus sparing two ATP molecules otherwise needed for the de 
novo synthesis of carbamyl phosphate. The coupling of these 
novel, highly organized enzymatic reactions would readily 
explain the nonaccumulation of N-carbamyl putrescine (1, 2, 
11) as well as  the choice of such a carbamyl intermediate by 
the higher plants. Preliminary data indicate that these reac- 
tions comprising the agmatine cycle are functional in other 
plants also. The above series of reactions are similar to those 
of the arginine dihydrolase pathway in microorganisms al- 
though three  separate enzymes catalyze the  latter reactions 
(53). 
The higher catalytic efficiency (approximately 10 times) of 
putrescine synthase in the overall reaction compared to ag- 
matine iminohydrolase assayed in isolation (Table 111) is in 
line with the cooperativity in multienzyme systems (15). The 
requirement of Mg2+ in the ornithine transcarbamylase-linked 
overall reaction is also consistent with its known stabilizing 
influence on carbamyl phosphate (54). It is intriguing that  the 
putrescine synthase with M, = 55,000 harbors four function- 
ally discrete reaction domains on its single chain polypeptide 
backbone. This is not suprising since several such multifunc- 
tional proteins with similar molecular size  were reported ear- 
lier (14). While a  subunit  structure for the purified putrescine 
synthase can be ruled out, the possibility of an oligomeric 
form functioning in vivo is to be considered. To test whether 
proteolytic cleavage during purification accounted for the 
relatively smaller size of the enzyme (55), purification of the 
synthase was attempted in the presence of 1 m~ phenylmeth- 
ylsulfonyl fluoride. Under these conditions, the enzyme 
showed a considerably slower mobility during gel electropho- 
resis at pH 8.3 (Fig. 2 d) vis-&vis the protein purified in the 
absence of phenylmethylsulfonyl fluoride (Fig. 2, a, b, and c).  
The relatively larger size of the enzyme prepared in the 
presence of the proteolytic inhibitor was  also evident during 
gel filtration on Sephadex G-200 since the activity was eluted 
in the void  volume itself. 
NH 
II 
ARGININE H ~ N - C - N H - I C H Z ) ~ - N H ~  
t AGMATINE 
I 
I 
I 
I Agmatine 
1 0  
iminohydrolare 
H z N - E - N H - ( C H ~ I ~ - C H - C O O H  
CITRULLINE N H l  H2N-ICHz)y-CH-COOH 
d p h i M  transcarbamyla3e 
I 9 
H2N”CHz)4-NH2 * Pulrrscim  lronrcatbamvlosr H $ ~ - C - N H - ( C H Z I ~ - N H ~  
PUTRESCINE N-CARBAMYL-PUTRESCINE 
FIG. 11. Agmatine  cycle and its relation to arginine synthe- 
sis in higher  plants. The scheme proposed is based on the sequence 
of reactions investigated in the present study. N-Carbamyl putrescine 
arising from agmatine iminohydrolase reaction is converted to pu- 
trescine and citrulline due to the interaction between putrescine 
transcarbamylase and ornithine transcarbamylase components of pu- 
trescine synthase. 
Thus, it is clear that  the putrescine synthase of L. sativus 
is another example of a highly organized chimeric protein, 
catalyzing a  set of sequential reactions (14). The coexistence 
of both the coupling activities (carbamate kinase and ornithine 
transcarbamylase) in putrescine synthase is not easily under- 
stood at present. Both of these activities catalyze reversible 
reactions, with their K,, favoring useful anabolic reactions and 
thus  are ideally suited for  coupling mechanisms, which in turn 
enhance the catalytic efficiency in  a multistep reaction. The 
transfer of the carbamyl group in the series of reactions 
leading to citrulline synthesis (Table V) is one of the few 
examples of its kind the  other two instances are (a )  generation 
of citrulline from carbamyl oxamate and ornithine in Strep- 
tococcus al2antoicus cell-free extracts (56) and (b)  synthesis 
of arginine from carbamyl aspartate  and ornithine in the crude 
extracts of wheat seedlings (57). 
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ENZOdIC  ONYERSICN  OF AWTINE TO PUTRESCIM I N  IATHMLUS SATIVUS SEEDLINGS: 
MINIPRINT SUPPLEMENT  O 
PURIFICATION AM) PROPERTIES OF A MULTIFUNCIILXAL ENZYME (FEEEZIIM SYNIHASE) 
K.S. Sr ivenugopal  and  P.R. Adiga 
MBte r i a l s  - Lath  =us s a t i v u s  s e e d s  were procured  f rom the  p l an t  EXPERMENTAL PREEDURE 
b r e e d i n g s e c t i o n   & n = l t u r a l   R e s e a r c h   I n s t i t u t e ,  New Delhi.   The 
pe rmina t ion  o f  needs  and  g rowth  cond i t ions  fo r  Ob ta in ing  the  5 d a y  o l d  
e t i o l a t e d   s e e d l i n g s   h a v e  been d e s c r i b e d  elsewhere (18). The fo l lowing  
amine  hydrochlor ides ,  1,3(dimethylamincp=opyl)carbodiimide, PWIP: ADP,  ATP, 
chemica l s  were Pushased  from Sigma Chemical Company: amino a c i d s   a l i p h a t i c  
d i t h i o t h r e i t o l .   p a m i n o p h e n y l m e r c u r i c   a c e t a t e  NBT PMS d i a c e t y l  monoxime, 
a n t i p y r e n e ,   p d i p h e n y l a m i n e   s u l f o n i c   a c i d   ( N a ' s a l t !  io; exchange  media, 
Sephadex 6 2 0 0 ,  Sepharose CL40, Blue  Sepharose, !&f liver c a t a l a s e ,  y e a s t  
hexokinase ,   g lucose-6-phosphate   dehydrogenase   and   f i re f ly   luc i fe rase .  The 
ion exchange res ins  - Dowex-50 and Dower-1 and Ambaerlite CG50 were procured  
from Biorad Laboratarier.  Richmond. UI, whereas  acry lamide  and  b lsacry lamide  
were the   products   of   Eastman  Organic   Chemicals .   Rochester .  N.Y. [1-4.14C]- 
p u t r e s c i n e  d i h y d r o c h l o r i d e  ( 5 4  5731 m o l )  wae purchased from the Radio 
Atomic  Research  Centre Bombay. Agmatine SO4 (Sigma) was p u r i f i e d  on a 
Chemical  Center.  Amersham. U.K. [(4C)yr.a (38 n E i / m o l )  was from Bhabha 
Oower-50(H+) column u s i n g  a Hc1 g r a d i e n t  (&>a) t o  remove p u t r e s c i n e  
contamination.  Carbamyl  phosphate was p u r i f i e d  as d e s c r i b e d  (19). S y n t h e s i s  
d -de ta i l ed  elsewhere (22). 
and pur i f ica t ion  of  N-carbamyl  put resc ine  was accomplished by t h e  new prose- 
S y n t h e s i s  of ~ u r e i d o - 1 ~ ~ N - c a r b a m v l  p u t r e s c i n e  - r14C]KCN0 p repa red  by 
r e a c t i n g  14C urea 2 mmals and K2C 1.2 r m o h  (2l.u) was mired   wi th  
pu t r e t c inb .HCi  (lOO(pmol*).) F u r t h e r ? r & e d u r e s  f L r  s y n t h e $ i b  a n d  r e p a r a t i o n  
o f  N-carbamyl p u t r e s c i n e  by paper  chromatogrsphy were t h e  same an o u t l i n e d  
i n   t h e   r e f . 1 3 .  The pu r i f i ed   p roduc t   had  B op.act.  of 50 JICi/MOl. 
p u t r e s c i n e   s y n t h a s e ,  namely agmatine  iminohydrolase.   putrescine  t ranscarb-  
amylase Orn i th ine   t r ansca rb lmylaae  and c a r h m a t e  k i n a s e  sere moni to red  by 
a r s a v i n ;  t h e  i n d i v i d u a l  r e a c t i o n s  a 5  well as thn overall  r e a c t i o n s  l i n k e d  
Enzyme assays - T h e  d i f f e r e n t  c a t a l y t i c  a c t i v i t i e s  a s s o c i a t e d  w i t h  
e i t h e r  of t h e  tw products ,   namely,  N H 3  in case of enzyme prepa ra t ions  devo id  
of d iamine  oxidase  ( for  Hhich  agmat ine  i s  slso a good s u b s t r a t e  ( l a ) )  and 
N-ca rbamyl   pu t r e sc ine   i n   O tha r   pu r i f i ca t ion   S t eps .  NH3 l i b e r a t i o n  was 
fo l lowed  ~n m i c r o d i f f u s i o n  v i a l s  (18) con ta in ing  lohdl I r i s - C 1  h t f f e r  (pH 
8.8). 3mM d i t h i o t h r e i t o l .  0.5pY MnC12. 5mhl a matine  and  the enzyme. The NH3 
r e l e a s e d  was e s t i m a t e d  by N e s s l e r i z a t i o n  (187. The procedure   for  N-carbamyl 
N-ethyl  maleirnids was u s e d  t o  O b v i a t e  t h e  t h i o l  i n t e r f e r e n c e s  in t h e  color 
p u t r e s c i n e  e s t i m a t i o n  was t h e  same a s  d e t a i l e d  earlier ( 2 0 ) .  e x c e p t  t h a t  
r e a c t i o n  ( 2 3 ) .  
(1) Aumatlne iminohYdrolas. - T h e  a c t i v i t y  - 8  measured by q u a n t i t a t i n g  
heme 5 t h e s i s   - T h e   p r o d u c t  was q u a n t i t a t e d  by t h e   r a d i o m e t r i c  assay TO 
( i i )  P u t r e s c i n e  t r a n s c a r b a m v l a s e  i n  t h e  d i r e c t i o n  of  N-carMmYl w t r e -  
cedure  60 or c o l o r i m e t r i c a l l y  by t h e  method Of Gerha r t   and   Pa rdse  (197 - 
a f t e r  remO?dng t h e   t h i o l   i n t e r f e r e n c e   ( 2 3 ) .  The r eac tLon   mix tu re   con ta ined  
0.5ml imidarole-borax-glycyl glyc ine  (10:10:50mM) b u f f e r  (pH 7.5). 2mM d i -  
r e a c t i o n  was initiated by t h e  a d d i t i o n  o f  lomM carbamyl phosphate and termi- 
t h i o t h r e i t o l ,  5mM p u t r e s c i n e   a n d   t h e  enzyme and was i n c u b a t e d  a t  3OoC. The 
n a t e d  w i t h  O.lml of 2W p e r c h l o r i c  a c l d .  S u b s t f a t e  a n d  enzyme b lanks  were 
rout ine ly  inc luded  and  the  amount  of  N-carbamyl put resc ine  formed was quan t l -  
t a t e d  b y ' r e f e r e n c e  t o  a Standa rd  curve. 
( i i i )  P u t r e s c i n e  t r a n s c a r b a m y l a s e  i n  t h e  reverse di rec t ion  (a rsenOlYSiSL - The  enzymic cleavage of N-carbamyl p u t r e s c i n e  i n  t h e  p r e s e n c e  Of a r s e n a t e  
does  not   reach a n  equ i l ib r ium.  as  t h e  OrodUCt carbamyl arsenate SPQntan(l0USly 
d e g r a d e s   i n t o  C@ and NH (13,24).   The arsenolyois of N-carbamyl p u t r e s c i n e  
was measured by q u a n t i t a i i n g  t h e  NH3 p r o a u c e d  i n  a r e a c t i o n  m i x t u r e  c o n t a i n -  
a r s e n a t e  (pH 7 5 )  5 W  and  the enrym:. The r e a c t i o n   m i x t u r e  was i ncuba ted  
ing  5omM Imidazole-C1  buffer (pH 7.5). N-carbamyl p u t r e s c i n e ,  5nH4 sodium 
eq t i i l i b r ium of p u t r e s c i n e  t r a n s c a r b a m y l a s e  r e a c t i o n ,  t h e  assay was conducted 
i n  t h e  micradx;fu:ion v i a l s  and N H 3  e s t i m a t e d  (18). For c a l c u l a t i n g   t h e  
us ino  ru re ido -1e1N-ca rbamvl  Du t reoc ine  in  Warburq f lask4  and  14CW r e l e a s e d  
unde; i c i d i f i e d  c & d i t i a n s ' w a ;  d e t e r m i n e d  ( 1 3 ) .  
( i v )  C a r b a m a t e  k i n a s e  - T h i s  a c t i v i t y  was a s s a y e d  i n  t h e  f o r w a r d  
d i r e c t i o n  by measuring TP formed  25) .  The  component5  of t h e   r e a c t i o n  
mix tu re  were: i m i d a r o l h l   b u f f e r  {pH 7.5),  5 W ;  ADP, 2 d ;  carbamyl phos- 
phate  5rU' MgSO4  5mU;  KC1. 0.5nM. and  the enzyme protein.   Carbamyl phOS- 
phate'was  :eplaceA by e i t h e r  a m a t i h  (5mM) p l u s  Na2HP04 (2mM) Or N-carbamyl 
n,s+ros;rina 1 5 d )  alus N ~ ~ H P O A  ?2dI i n  t he  overal l  r e a c t i o n s  c a t a l y z e d  by 
mined i n  a r e a c t i o n  m i x t u r e  c o n t a i n i n g  50rM tr ie thanolamine-C1 buffer  (pH 
( v )  o r n i t h i n e  t r a n P c a r b a m v l a s e  - T h i s  c a t a l y t i c  a c t i v i t y  was d e t e r -  
B.0). 2mM d i t h i o t h r e i t o l .  5d( o r n i t h i n e  a n d  t h e  enzyme. The r e a c t i o n  LBO 
i n i t i a t e d  by t h e  a d d i t i o n  of l W  carbamyl phosphate .   Appropr ia te  blanks 
l a c k i n g  e i t h e r  t h e  enzyme or sub5 tXa tes  were always i n c l u d e d .   A f t e r   t e r m i -  
nat ing  the  react ion  and  adding  N-ethyl   maleimide  to  remove i n t e r f e r e n c e  by 
a u l f h v d r v l  ComDoundS 123). c i t r u l l i n e  was es t ima ted  bv t h e  c o l o r i m e t r i c  
. .  
p;ocebu;;-of P;escott 'and'Jones  (281. 
The overall  r e a c t L o n  c a t a l y z e d  by putrescine  synthase  (namely  the  combrned 
a c t l v i t l e s  of  agmat ine  iminohydrolase ,  pu t resc ine  t renscarb lmylare  and  
w i t h  e l t h e r  a g m a t i n e  or N-carbamyl p u t r e s c i n e  a5 t h e  s u b s t r a t e  ( r e a c t i o n  4 ,  
o r n i t h i n e  t r a n s c a r b a m y l a s e )  was assayed by m e a s u r i n g  c i t r u l l i n e  p r o d u c t i o n  
Tab le  I ) .  The a s s a y  components were: 5omM Trls-CI (pH 8 . 8 ) ,  3mH d i t h i o -  
t h r e i t o l  lGmM MgS04 5mM o r n i t h i n e .  2.5mM NazHP04, agmatine or N-carbamyl 
pu t re sc iAe  (5mM) and ' the  enzyme. During  each assay. appropr i a t e   b l anks  
c o n t a i n i n g   t h e   b o i l e d  enzyme were r egu la r ly   i nc luded .   Fo l lowing   t he   t e rmi -  
n a t l o n  of t h e  r e a c t i o n  w i t h  20/. p e r c h l o r i c  a c l d  (G.lml) and removal Of 
dena tu red   p ro t e ins   t he   s ample  was a p p l i e d  on t o  a Dowex-5OxlP(H+) column 
( 4 x l c m ) .   A f t e r   W a i h i n g   t h e   c o l u m n   t h o r o u g h l y   w i t h   d i s t i l l e d   w a t e r ,   t h e  
amino a n d  f r a c t i o n  c o n t a i n i n g  c i t r u l l i n e  was s e l e c t i v e l y  e l u t e d  w i t h  3 m l  Of 
2M NH40H. The amine s u b s t r a t e s  which m t e r f e r e  i n  t h e  color r e a c t i o n  by 
producing excess of  chromogen. are p r e f e r e n t i a l l y  r e t a i n e d  on t h e  i o n  ex- 
change resin d u r i n   t h e   a b o v e   s t e p .  An a l i q u o t  of NH4OH e l u a t e  Was s u b j e c t e d  
enzyme and  bozled enzyme was t a k e n  t o  r e p r e s e n t  t h e  c i t r u l l i n e  formed. 
t o  c o l o r  r e a c t i o n  728) a n d  t h e  d i f f e r e n c e  b e t w e e n  t h e  r e a c t i o n  d u e  t o  a c t i v e  
required'to  produce l p m d  produc t  (NH3 or N-carbamyl p u t r e s c m e  or c i t r u l l i n e )  
ner h   unde r   t he   s t anda rd  assay c o n d i t i o n s  d e s c r i b e d  above. S p e c i f i c  a c t i v i t y  
( v i )  ASsaY f o r  overal l  r e a c t L o n  l i n k e d  t o  o r n i t h i n e  t r a n s c a r b a m v l a s e  - 
Enz me u n l t  - One u n i t  o f  a c t l v l t y  i s  d e f l n e d  a s  t h e  amount  of enzyme 
;*-represented by u n i t i / m g  p r b t e i n .  
amino ac ld  and/or  amine  f rac t ions  of  the  reac tLon mixtures  were p u r i f i e d  on 
I d e n t i f i c a t i o n   o f   t h e   r e a c t l o n  OrOduCtS by ~ a p e r  chromatoqraohy - The 
Dowex-SO(H+) columns (29) and  reso lved  by c i rcu lar   paper   chromatography using 
pheno1:O 066M HCI-KC1 b u f f e r  (pH(2) (4:l v/v)   as d e s c r i b e d  ( 3 0 ) .  The r ad io -  
a c t i v i t y - a s s o c i a t e d  w i t h  a m i n e s  was measured a s  d e t a i l e d  e a r l i e r  (31) a f t e r  
making   quenching   cor rec t ions   Amber l i te  C G 5 G  [NH4+) r e s i n  l a 5  u s e d   t o  
c h a r a c t e r i z e  c i t r u l l i n e  f r a c t i o n  u i t h  c o n c o m i t a n t  r e t e n t i o n  of o r n i t h i n e  (32) 
i n  t h e  o v e r a l l  r e a c t i o n .  
t o  Hartman  and Dreger's procedure  (33) .  The  method f o l l o w e d  t o  P r e p a r e  
P r e p a r a t i o n   o f   a f f i n i t y   S e p h a r o s e s  - CNBr was syn thes i zed   acco rd ing  
pUtreSCme-CH S e p h a r o s e  i s  as fo l lows .  The activation and  washing  procedures 
d e s c r i b e d  by March 5 &. (34) were c i r r i e d  o u t  t o  o b t a i n  CH-Sepharose by 
r e a c t i n g  6-amino hexanoic  acid  with  CNBr-activated  Sepharose.  The f r e e  
a t  pH 4.8 wi th  two a d d i t i o n s   o f  1 , 3 ( d i m e t h y l a m l n o p r ~ p y l ) ~ a ~ ~ d i i m l d e .  The 
Carboxyl  groups were c o u p l e d  t o  p u t r e s c i n e  by ca rbod i imide  condensa t ion  (351 
Coupling  of  the  diamine was confirmed by p i c r y l r u l f o n a t e  t e s t  ( 3 5 ) .  
a c e t a t e  t o  CNBI-ac t iva ted  Sepharose  end  the  de taminat ion  of i t s  c a p a c i t y  
were c a r r i e d  Out by t h e  e s t a b l i s h e d  p r o c e d u r e  ( 3 6 ) .  The a f f in i ty   l na t r lx   had  
a capacity of 3.5rmol/ml g e l .  
- The coup l ing  of p-aminophenylmercuric 
t h r o u g h  t h e i r  =-amino groups   to   CNBr-ac t iva ted  Sepharose (34).   The immuno- 
s o r b e n t  ( I o G  f r a c t i o n  s o e c i f i c  t o  L. s a t i v u s  d i a m i n e  o x i d a s e  COUoled t o  
O t h e r   a f f i n i t y   S e D h a r o s e s  - C i t r u l l m e  and  hamoarginine were l i n k e d  
S e p h a r o s e l - u s e d  t o  remove t h e  d i a m h e o x i d a s e  in e a r l i e r  s t e p s  of p u r i f i c a t -  
ion  was prepa red  as d e s c r i b e d  earl ier  (37) .   Blue  Sepharose was r egene ra t ed  
by washing with W NaCl s o l u t i o n  p r i o r  t o  p r o t e i n  p u r i f i c a t i o n .  
and  4.0 wera c a r r i e d  o u t  a c c o r d m g  t o  D a v i s  ( 3 B ?  a n d  R e i s f e l d  e t  &. (39 )  
r e spec t ive ly .   The   p rocedure   o f  Laemli (40) was u t i l i z e d   f o r   S b J - g e l   e l e c t r o -  
phores i s .  To ensure c o m p l e t e  d e n a t u r a t i o n .  t h e  p r o t e i n  was t r e a t e d  w i t h  
guan id ine  hydroch lo r ide  fo l lowed  by urea and SDS before e l e c t r o p h o r e s i s  on 
dena tu r inq  aels. a s  descr ibed   Drevious lv   1411.  
D i s c  gel e l e c t r o D h m e s i s  - Polyacrylamide el e l e c t r o p h o r e s i s  a t  pH 8 . 3  
" . 
Determina t ion  of  Mr by sel f i l t r a t i o n  - Gel f i l t r a t i o n  of p u t r e s c i n e  
s y n t h a s e  was conducted on a epha ex G- 0 (coarse. 4CL10011) column 
(1.8r89cm) p r e - e q u i l i b r a " C 1   h l f f k  (pH 8.0) con ta in ing  2nhl 
2-mercsptoethanol  and 0.N KC1. The mix tu re  Of s t a n d a r d  p r o t e i n s  a n d  enzymes 
(avalbumin,45030; BSA monomer 68oix). dimer 136000. a lcohol   dehydrogenase ,  
l5oooO e n d  c a t a l a s e  240000) W ~ E  a p p l i e d  a n d ' t h e  col:mn e lu ted  Wlth  the  above  
b u f f e r  a t  a f l o w  r a t e  Of 20ml/h.   Fract ions of 2 m l  were c o l l e c t e d .  The Mr 
was determined by t h e  method  of Andrew* ( 4 2 ) .  
(43 )   w i th  BSA as s t a n d a r d .   A n t i b o d i e s   t o   p u t r e s c i n e   s y n t h a s e  were r a i s e d  i n  
r a b b i t s  by a d m i n i s t e r i n g  0.5-lmg of  pure enzyme p r o t e i n  i n  phosphate-buffered 
s a l i n e  e m u l s i f i e d  w i t h  an equa l  volume of freuna's comple te  ad juvant  (Difco)  
(by i n j e c t i n g  s u b c u t a n e o u s l y  a t  10 d a y   i n t e r v a l s ) .   F o l l o w i n g   t h r e e   i n j e c t i o n s ,  
a boos te r  sho t  o f  log  p r o t e i n  i n  s a l i n e  was g iven  and a f t e r  6 days.  the a n i m a l  
was bled  and serum prepared .   Ouchter lony   double   d i f fus ion  a n a l y s l s  was 
c a r r i e d  o u t  on 1.25% agar gels (44). 
Other methods - P r o t e i n  warn e s t i m a t e d  by t h e  p r o c e d u r e  of Lowry e+ G. 
RESULTS 
p u r i f i c a t i o n  o f  p u t r e s c i n e  s v n t h a a e  
a t  25WOrg for  3Chin .  unless o t h e r w i s e  i n d i c a t e d .  
s e e d l i n g s  Were washed  and  homogenized i n  a c h i l l e d  Waring blendor  with one 
The  homcqenate Was passed  through four  layers of c h e e s e  c l o t h  t o  remove t h e  
Procedure I - A l l  t h e  s t e p s  were c a r r i e d  Out a t  4% and Cent I i fuga t iOn 
S t e p  1: P r e p a r a t i o n   o f  crude e x t r a c t  - Fresh )-day o l d  1. S a t i n 5  
volume of 5(w1 imidazole-C1  buffer (pH 8.0) con ta in ing  5mM 2-mercaptoethanol.  
f i b r o u s  m a t e r i a l  and  centr i fuged.  
Step 2 :  P r e c i D i t a t i o n  o f  n u s l e o D r o t e i n s  - The c r u d e  e x t r a c t  from t h e  
f i r s t  s t e p  MB a d j u s t e d  t o  7.5nM MnC12 c o n c e n t r a t i o n .  A f t e r  s t i r r i n g  f o r  
Jamin. t h e  p r e c i p i t a t e d  n u c l e o p r o t e i n s  were removed by c e n t r i f u g a t i o n .  
was brought t o  pH 7.0 w i t h  a d d i t i o n  o f  W Nbl40H. P r e c o o l e d  s o l i d  (NH4)2S04 
was a d d e d  i n  omall  a m o u n t s  w i t h  r t i r r m g  t o  a c h i e v e  4% s a t u r a t i o n .  A f t e r  
3 h i n  o f  s t i r r i n g  i n  t h e  c o l d ,  t h e  p r e c i p i t a t e  was cen t r i fuged  and  d i sca rded .  
The s u p e r n a t a n t  was a d j u s t e d  t o  85/. s a t u r a t i o n  w i t h  (NH )>So4  and s t i r r e d  f o r  
i m i d a z o l e  b u f f e r  (oH 7.5. Containinu 2mM 2-mercaptoethanol)   and  dialyzed 
S t e  3: Ammonium s u l f a t e  f r a c t i o n a t i o n  - The s t e p  2 s u p e r n a t a n t  f r a c t l o n  
l h  I h e  p r e c i p i t a t e  o b t a i n e d  a f t e r  c e n t r i f u g a t i o n  Was d i s so lv I td  i n  5nU 
a g a i n s t  two  change;  of 2L Of t h e  same buf fe r .  
t h e   s u l f h y d r y l   n a t u r e  of agmat ine   iminohydrolase  B  and   the   to ta l   absence   o f  
C y s t e i n e   r e s i d u e s   i n   t h e   d i a m i n e   o x i d a s e  of L. sa:i!us (37) a group   Spec i f i c  
a f f i n i t y  s t e p  f o r  t h e  p u r i f i c a t i o n  of s u l f h ~ r y ~ i n s  w i s  employed. The 
w i t h  S O W  i m i d a z o l e  b u f f e r  ( w i t h o u t  m e r c a p t o e t h a n o l )  and t h e  d i a l y z e d  
r e g e n e r a t e d  p a m i n o p h e n y l m e r c u r i c  a c e t a t e  column P3.5x25cm) was e q u i l i b r a t e d  
Af te r  wash ing  o f f  all t h e  u n a d r o r b e d  p r o t e i n s .  u n t i l  t h e  e f f l u e n t  h a d  a A280 
( M 4 ) 2 5 0 4  f r a c t i o n  ( s t e p  3 )  was a p p l i e d  a t  a slow f l o w  r a t e  (O.Zml/min). 
e f  (0.05, t h e  p r o t e i n s  h e l d  on t h e  column were e l u t e d  w i t h  5 0 d  i m i d a z o l e  
b u f f e r  (pH 7 5   c o n t a i n m g  2CMA 2-mercaptoe thanol   and   f rac t ions  of  2ml were 
o v e r n i c l h t  t o  remove mercaptocthanol.  
c o l l e c t e d .   ; h i s f r a c t i o n  was d i a l y z e d  a g a i n s t  2omM i m i d a z o l e   b u f f e r   ( 2 L ) ,  
S t e p  4: Oruanomercurial  SepharoSe affinity S t e  - Taking  advantage  of  
S t e o  51 Chromatoaraphy On DEAE-Seohadex - T h e  c o n c e n t r a t e d  p r o t e i n  
f r a c t i o n  from the 0=gPn~me2curial-Sepharase step was f r a c t m n a t e d  an a column 
Of DEAE-Sephadex. T h e  e l u t i o n  a n d  a c t i v i t y  p r o f i l e s  clearly show t h a t  t h e  
w i t h  t h e  s ingle  p r a t e i n  p e a k  e l u t e d  w i t h  0.5M KC1 (Fig.1). A t  t h i s  s t a g e  o f  
d i f f e r e n t  c a t a l y t i c  a c t i v i t i e s  a s s o c i a t e d  w i t h  p u t r e s c i n e  s y n t h a s e  emerged 
p u r i f i c a t i o n   p o l y a c r y l a m i d e  el e l e c t r o p h o r e r l s  Of t h e   p r o t e i n  showed a 
s i n g l e  f a s t  ; w i n g  component qFig.2a). The  protocol  employed  has been summar- 
i z e d  i n  T a b l e  I1 which shows a 1 5 7 - f o l d  p u r i f i c a t i o n  a n d  1% recovery wi th  
r e s p e c t  t a  a g m a t i n e  i m i n o h y d r o l a s e  a c t i v i t y .  
Fig.1. 
Multifunctional Enzyme in Putrescine Biosynthesis in Plants 9541 
e u r i f i c a t i o n  of putrescine 6yn the re  (P rocedure  I) 
TABLE I1 
The p u r i f i c a t i o n  was monitored by assaying agmt ine  iminohydrolasa  component  
o f  t h e  m u l t i f u n c t i o n a l  enzyme. 
P"r i f i c . t i o"   s t ep P ro te in   To ta l   Sp . ac .   Fo ld   Recove ry  
e a z y u  
I.p unit .  
p v r i f i -  
c a t i o n  % 
. .  . .  
chro-tography on the   pu t re rc in . -CH  Sepharose  column. It i s  clear from  Fig.3 
T h e  d i a l y z e d  p r o t e i n  f r a c t i o n  ( s t e p  3) vas s u b j e c t e d  t o  a f f i n i t y  
t h a t  2mll p u t r e s c i n e  e f f e c t i v e l y  e l u t e d  t h e  p r o t e i n  as  a single peak Which 
p o l l e d .  d i a l y z e d  a n d  c o n c e n t r a t e d  p r o t e i n  f r a c t i o n  o f  t h i s  s t e p  showed on 
had d i f f e r e n t  component a c t i v i t i e s  a s s o c i a t e d  With   pu t resc ine  synthase. The 
p o l y a c r y l a d d e  gel e l e c t r o p h o r e s i s .  a s ingle  p r o t e i n  s p e c i e s  (Fig.2b) coinci-  
d e n t  w i t h  a n d  i n s e p a r a b l e  f r o .  t h e  one ob ta ined  by t h e  p r o c e d u r e  I. Therefor., 
p u r i f i c a t i o n .  
in f u r t h e r  s t u d i e s .  t h i s  a f f i n i t y  p r o c e d u r e  was r o u t i n e l y  u t i l i z e d  f o r  c n z w  
0.6- I i 
The pH optime for t h e  d i f f e r e n t  a c t i v i t i e s  of p u t r e s c i n e  s y n t h a s e  are 
l i s t e d  i n  Tab le  V I 1  along wi th   t he   bu f fe r s   u sed   Phospha te   bu f fe r s  (Na or K )  
were found t o  be i n h i b i t o r y  t o  all t h e  componen; a c t i v i t i e s  t o  d i f f e r e n t  
e x t e n t s .  I n  general. an i ncuba t ion   t empera tu re   o f  37% was'found  optimal  for 
t h e  L S S P Y  of d i f f e r e n t  r e a c t i o n s ;  however .   putxescine trmscarbmylase assay 
i n  t h e  d i r e c t i o n  o f  N - c a r h m y l  p u t r e s c i n e  synthesis wan perfo-d a t  3CPC t o  
minimize the  nonenzymat ic  des t ruc t ion  of carbamyl phosphate.  
TABLE V I 1  
0 D t i . l . l  pH c o n d i t i o n s  f o r  t h e  d i f f e r e n t  c a t n l v t i c  a c t i v i t i e s  o f  p u t r e s c i n e  
Ilyntha.. 
c o m p o n e n t   a c t i v i t y  pn Buffer   used  
ontimum 
r4i values have  not  been c o r r e c t e d  f o r  t e m p e r a t u r e  e f f e c t .  
serve as  s u t s t r a t e s   f o r   a g m a t i n e   i m i n o h y d r o l s r e   a c t i v i t y .   A p a r t   f r o m  
putrescine. t h e  p u t r e s c i n e  t r a n s c a r t m y l a s e  component also c a r b m y l s t e d  
Cadaverine and spe rmid ine  wi th  an e f f i c i e n c y  as  low a6 42 and 0.5% res- 
pec t ive ly ,   compared   t o   pu t r e sc ine .   The   b road   subs t r a t e   spec i f i c i ty   obse rved  
for p u t r e s c i n e  t r a n r c a r b a m y l a s e  i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  W i t h  O t h e r  
sys t ems  (48,491. However .   pu t r e sc ine   t r ansca r t amylase   d id   no t   a t t ack  
a c i d  c o u l d  n o t  r e p l a c e  o r n i t h i n e  i n  t h e  o r n i t h i n e  t r a n s c a l t a m y 1 e . e - l i n k ~ d  
c i t r u l l i n e  and  N,N'-dicarbamyl  putrescine i n  t h e  arsenolysis assay. A s p a r t i c  
overall r e a c t i o n .  
the  monovalen t  ca t ions  K+ was found t o  he e s s e n t i a l  f o r  c a r b a m a t e  k i n a s e  
a c t i v i t y .  w h i l e  m e t a l  ions l i k e  Mg++ d i d  n o t  a f f e c t  e i t h e r 8 z c s n o l y s i s  
or c a r t a m y l a t i o n  o f  p u t r e s c i n e .  I t  i s  also clear f r o m  t h e  d a t a  p r e s e n t e d  i n  
Tab le  VIII, t h a t  among d i v a l e n t  c a t i o n s  t e s t e d  Mn++ enhanced  the  agmatine 
i m i n o h y d r a l s s e  a c t i v i t y  t o  a c o n s i d e r a b l e  e r t e k .  Mn' also r e p l a c e d  Mg'+ 
a g m a t i n e  i m i n a h y d r o l a s e  a c t i v i t y  i s  exempl i f i ed  by i t s  p r o f o u n d  i n h i b i t i o n  
t o  some e x t e n t  i n  t h e  overall r e a c t i o n s  I and 11. T h e  t h i o l  n a t u r e  of t h e  
by all s u l f h y d r y l  b l o c k e r s  Used. and also by i t 8  a f f i n i t y  t O  o rganomercur i a l  
s u b o t z a t e  s p e c i f i c i t 1  - Arg in ine ,  BrCilin a n d  c r e a t i n i n e  f a i l e d  t o  
E f f e c t  of meta l  ions. s u l f h y d r y l  r e a a e n t s  a n d  o t h e r  C O U D O U ~ ~  -Among 
S s p h a m s r   r e f e r r e d   t o   e a r l i e r .  However, i n f l u e n c e  of s u l f h y d r y l  blockers 
OD o t h e r   i n d i v i d u a l  activities Were n o t   t a s t e d .   A r c a i n .   t h e   d i g u a n i d o  
anslogue of agmat ine  exer ted  a 3W i n h i b i t i o n  o f  a g m a t i n e  i m i n o h y d r o l a s e  
a t  0.5rmr concent ra t ion .  which  i s  in agreement  wi th  the  prev ious  observa t -  
i on  ( 8 ) .  
E f f e c t  of d i f f e r e n t  ComDwnds on aqmatine  iminohvdrolaae  comoonent  of 
Agmat ine  iminohydro la se  ac t iv i ty  was assayed  unde r  s t anda rd  assay c o n d i t i o n s  
p u t r e s c i n e   s v n t h a s e  
Of any t e s t  compound was t aken  as lW4 a n d  t h e  r e s u l t s  h a v e  b e n  expres sed  
by q u a n t i t a t i n g  t h e  Mi3 re leased .   The  enzyme a c t i v i t y  w i t h o u t  t h e  a d d i t i o n  
TABLE V I 1 1  
i n  term8 of % r e l a t i v e  a c t i s i t y .  
Compounds t e s t e d  (!A) R e l a t i v e  
B C t i V i t Y  
Compounds t e s t e d  (rU) R e l a t i v e  
a c t i v i t y  
% L 
Sul fhvdrv l   b locke r s  
pHydroxymercurl-  
benzoate (0.21 65 
I o d o a c e t a t e  (1.0) 50 
N-Ethyl  maleimide  (0.5) 30 
Mher compounds 
Arcain (0.51 70 
Pyridoxal   phosphate  
S e m i c a r u z i d e  (0.1) 100 
( 0 . 2 )  100 
e x h i b  e a yp  ca c ae s en en ne cs en e v e l o c i t y   o fh e  
reastgnd(td4: l ~ b e ~ . ~ ~ O ~ l  &$O: tedk~ga :~S t* t~  coAEsh t r s t ion  of agmetine.  
T h e  h i g h e s t  a c t i v i t y  was Observed in t h e  r 6 W e  Of 3-5* of the guenidoemine 
a n d  s i g n i f i c a n t  s u b s t r a t e  i n h i b i t i o n  was Observed. When agmatine  concent- 
rat ion w8s >5&. From t h e  Lineweaver-Burk P l o t ,  a K. va lue  of 1 nU f o r  
a g m t i n e  was ob ta ined .  
. a r l i r  e x h i b l t r  a 
p u t r e s c i n e  s y n t h e s i s  and is t h u s  analogous t o  o r n i t h i n e  t r a n s c a r b s m y l a s e  
r*.Ction e q u i l i t d u m  h i g h l y  f a v o u r a b l e  i n  t h e  d i r e c t i o n  of N-cartamyl 
t h e  p u t r e s c i n e  t r a n a s a r b a m y l a s e  a c t i v i t y  a s s o c i a t e d  w i t h  t h e  p l a n t  p u t r e -  
i n  t h i s  r e s p e c t  (13). Ta examine w h e t h e r   t h i s   o b s e r v a t i o n  is a p p l i c a b l e  t o  
d i r e c t i o n  was f o l l n e d  by measuring t h e  f o r m a t i o n  of Carbamyl phosphate 
.cine s y n t h a s e .  t h e  p u t r e s c i n e  t r a n s c a r b a m y l a s e  r e a c t i o n  i n  backward 
Fig. 10, it Can be Seen t h a t  t h e r e  was I p r o g r e s s i v e  increaae in t h e  1 4 C q  
from [ureidc-l%]N-carbsmyl p u t r e s c i n e  a n d  P i  a t  s h o r t  i n t e r v a l s .  From t h e  
r e l e a s e d  d u r i n g  t h e  f i r s t  15 mi".  which was fo l lowed  by a r e l a t i v e l y  slower 
t h e   a t t a i n m e n t  of the  equi l ibr ium.  The  carbamyl   phosphate   formed  could be 
increase t h e r s a f t e r .   T h e   e n d   o f   i n i t i a l   r a p i d   p h a s e   p r e s u m a b l y   r e p r e s e n t s  
expec ted  to  unde rgo  P slow non-enzymic decompoe.ition during i n c u b t i o n  a t  
37W, which i n  t u r n   w u l d   d r i v e   t h e   r e a c t i o n   f o r w a r d   r e s u l t i n g  i n  a 
dec reased  p roduc t ion  Of carbamyl Phosphate  during &nd slower phase 
(F ig .  lo). A I(. of Id was o b t a i n e d   f a r   t h e   p u t r e s c i n e   t r a n s c a r b a m y l a s e  
reac t ion ,  which  9s similar i n  m a g n i t u d e  t o  t h o s e  o f  t h e  b a c t e r i a l  p u t r e s c i n e  
t r a n s s a r h m y l a r e  (13) a n d  o r n i t h i n e  t r a n s c a r b a m y l a r e  o f  r a t  l i v e r  (51). 
i t i a l  v e l o c i t y  S t u d i e s  on aQmat inc   iminohvdro la se  - The enzyme 
Eaui l ibr i  o f   t h e   w t n s c i n e   t r a n s c a r b s m v l a s e   r e a c t i o n  - I t  has been 
